Intestinal macrophages, which are thought to orchestrate mucosal inflammatory responses, have received little investigative attention compared with macrophages from other tissues. Here we show that human intestinal macrophages do not express innate response receptors, including the receptors for LPS (CD14), Fcα (CD89), Fcγ (CD64, CD32, CD16), CR3 (CD11b/CD18), and CR4 (CD11c/CD18); the growth factor receptors IL-2 (CD25) and IL-3 (CD123); and the integrin LFA-1 (CD11a/CD18). Moreover, resident intestinal macrophages also do not produce proinflammatory cytokines, including IL-1, IL-6, IL-10, IL-12, RANTES, TGF-β, and TNF-α, in response to an array of inflammatory stimuli but retain avid phagocytic and bacteriocidal activity. Thus, intestinal macrophages are markedly distinct in phenotype and function from blood monocytes, although intestinal macrophages are derived from blood monocytes. To explain this paradox, we show that intestinal stromal cell-derived products downregulate both monocyte receptor expression and, via TGF-β, cytokine production but not phagocytic or bacteriocidal activity, eliciting the phenotype and functional profile of intestinal macrophages. These findings indicate a mechanism in which blood monocytes recruited to the intestinal mucosa retain avid scavenger and host defense functions but acquire profound "inflammatory anergy," thereby promoting the absence of inflammation characteristic of normal intestinal mucosa despite the close proximity of immunostimulatory bacteria.
Introduction
The gastrointestinal mucosa contains the largest reservoir of macrophages in the body (1) and is the largest body surface to interface with the external environment (2) . In this unique compartment, intestinal macrophages are the first phagocytic cells of the innate immune system to interact with microorganisms and microbial products that have breached the epithelium. Located in the subepithelial lamina propria, intestinal macrophages have the dual role of protecting the host against foreign pathogens and regulating mucosal responses to commensal bacteria.
Interactions between phagocytes and Gram-negative bacteria or their products involve CD14, a glycosylphosphatidyl inositol-linked glycoprotein present on mononuclear and polymorphonuclear phagocytes. CD14 acts as a high-affinity receptor for complexes of LPS and LPS-binding protein (3) . The binding of LPS to CD14 and then to toll receptor-4 results in the production of key proinflammatory cytokines, including IL-1, IL-6, IL-8, and TNF-α, which mediate inflammatory reactions. Surprisingly, intestinal macrophages lack CD14 (4, 5) , and colonic macrophages express low levels of CD14 (6, 7) . The downregulated expression of CD14 on intestinal macrophages likely serves to dampen the LPS-induced response of intestinal macrophages to lumenal bacteria and their LPS.
Here we extend our previous finding that intestinal macrophages are downregulated for LPS-and IgA-mediated IL-8 production (5) to show that resident intestinal macrophages are downregulated for the expression of an array of innate response and growth factor receptors and for the production of all major proinflammatory cytokines, but retain avid phagocytic and bacteriocidal activity for Salmonella typhimurium and Escherichia coli. We also show that factors released by lamina propria stromal (mesenchymal) cells downregulate monocyte expression of proinflammatory receptors and, through the release of TGF-β, production of proinflammatory cytokines, but do not alter intestinal macrophage phagocytic or bacteriocidal activity. These findings indicate a mechanism whereby proinflammatory blood monocytes recruited to the mucosa retain scavenger and host defense function, but acquire profound "inflammatory anergy," thus promoting the absence of inflammation characteristic of normal intestinal mucosa despite the close proximity of huge numbers of immunostimulatory bacteria.
Results
Intestinal macrophages display a distinct phenotype. The lamina propria macrophages and blood monocytes used in the following experiments displayed ultrastructural features characteristic of macrophages and monocytes, respectively ( Figure 1 ). Both cell populations expressed equivalent levels of HLA-DR and CD13 (aminopeptidase N, which is present on mononuclear phagocytes but not T, B, or NK cells), but no CD3, CD20, CD69, or CD83, indicating no detectable T, B, NK cells, or DCs, respectively (Figure 1) . Intestinal macrophages did not express CD14 or CD89, a previously reported characteristic of intestinal macrophages (5), nor did they express FcγRI-III (CD64, CD32, CD16) or CD11a, CD11b, CD11c, or CD18, whereas each receptor was strongly expressed on monocytes from the same donor (Table 1 ). The absence of the LPS receptor CD14 on intestinal macrophages is not restricted to human cells, since murine F4/80 + intestinal macrophages also lack this receptor (data not shown). Intestinal macrophages also did not express inducible CD25 or CD123, receptors for the growth factor cytokines IL-2 and IL-3, respectively, which were expressed on monocytes. In addition, intestinal macrophages cultured for 45 days in RPMI expressed HLA-DR and CD13, but not the above receptors or integrin, indicating that prolonged culture in the absence of mucosal factors did not induce expression (or re-expression) of the receptors. Scavenger receptor CD36 was present on macrophages, however, albeit at markedly reduced levels compared with monocytes. Thus, intestinal macrophages do not express receptors for LPS, IgA, IgG, C3 (CD11b/CD18), C4 (CD11c/CD18), IL-2 and IL-3, or the integrin LFA-1 (CD11a/CD18), which are constitutively expressed or inducible on blood monocytes.
Intestinal macrophages are downregulated for the production of proinflammatory cytokines. Although macrophages from other tissues such as the lung have been shown to release lower levels of some cytokines than blood monocytes (8) , little is known about the regulation of cytokine production by intestinal macrophages. Therefore, purified intestinal macrophages and blood monocytes were evaluated for LPS-stimulated cytokine production. Surprisingly, lamina propria macrophages stimulated with LPS for 24 hours released no detectable IL-1, IL-6, or TNF-α, and, compared with monocytes, at least four logs less IL-8 ( Figure 2 ). LPS-stimulated macrophages also contained no intracellular IL-1, IL-6, TNF-α, or IL-8 as analyzed by flow cytometry (data not shown). In contrast, blood monocytes, which had been treated similarly and were from the same donors, produced nanogram levels of each cytokine after stimulation ( Figure 2 ). Neither culture of macrophages for up to 45 days prior to stimulation, nor increase of the incubation time after stimulation to 72 hours, changed this cytokine profile.
One explanation for the profound downregulation of LPSstimulated cytokine production by intestinal macrophages is the absence of surface CD14 (5), the primary receptor for LPS. Intestinal macrophages incubated for 24 hours with an array of stimuli, however, including H. pylori urease, heat-killed (HK) Staphylococcus aureus, IFN-γ, and PMA, released no detectable IL-1, IL-6, or TNF-α, and again barely detectable levels of IL-8, whereas similarly treated monocytes released large amounts
Figure 1
Ultrastructure and purity of intestinal macrophages and blood monocytes. A representative intestinal macrophage and blood monocyte show typical eccentric nuclei, villous processes (especially on the intestinal macrophage), and in the macrophage, primary and secondary lysosomes and phagocytic vacuoles (magnification, ×10,000). FACS profiles for intestinal macrophages and blood monocytes show that both populations express the mononuclear phagocyte markers HLA-DR and CD13, but not markers for T cells (CD3), B cells (CD20), NK cells (CD69), or DCs (CD83). Insets show control cells stained with CD3 (PBLs), CD20 (PBLs), CD69 (PBLs), and CD83 (monocytederived DCs). Both populations also did not express CD33, CD34, or CD103, markers for bone marrow macrophage precursors, follicular DCs and intestinal lymphocytes, respectively. of the cytokines ( Figure 3 ). In additional experiments (n = 6), intestinal macrophages also did not release IL-12 or the antiinflammatory cytokines IL-10 or TGF-β in response to the same stimuli. Prolonged culture (up to 45 days) of the macrophages followed by incubation with the same stimuli or optimal concentrations of muramyl dipeptide, TNF-α, or IFN-γ plus LPS did not induce cytokine release. Taken together, these findings indicate a global, stimulus-independent inability of intestinal macrophages to produce proinflammatory cytokines. Stromal cell-conditioned media induces an intestinal macrophage phenotype in blood monocytes. Since intestinal macrophages and blood monocytes differ functionally and phenotypically, yet macrophages are derived from blood monocytes (6, 9), we next determined whether factors produced by intestinal stromal, epithelial, or mononuclear cells could downregulate monocyte innate response receptors and surface antigens. Consistent with our earlier findings (5), phenotypic changes were not detectable in the monocytes within the first 24 hours of exposure to stromal cell-conditioned media (S-CM). Prolonged exposure of monocytes to S-CM, but not epithelial cell-CM (E-CM) or mononuclear cell-CM (MNL-CM), however, caused a dose-and time-dependent reduction in the expression of CD14 and CD16 innate response receptors (Figure 4 ). The decrease in receptor expression became detectable after the monocytes had been incubated with S-CM for 36-48 hours; by 72-96 hours of incubation, pronounced loss of receptors was detected in monocytes incubated with S-CM, but not in monocytes incubated in media alone, E-CM, or MNL-CM. Phenotypic changes induced by S-CM persisted for at least 7 days. S-CM also caused a marked downregulation of monocyte C-C chemokine receptor 5 (CCR5; G. Meng, unpublished data) and the chemotactic ligand receptors for C5a and f-met-leu-phe (M. Sellers, unpublished data); neither receptor is expressed on intestinal macrophages. In contrast, levels of the monocyte/macrophage surface antigens HLA-DR and CD13 were not altered by exposure to S-CM. Preincubation of S-CM with a cocktail of protease inhibitors did not affect the ability of S-CM to downregulate receptors ( Figure 4B ), indicating that the downregulation was not the result of residual protease carried over from the isolation. Importantly, S-CM did not contain immunoassay-detectable levels of other regulatory cytokines, including GM-CSF, M-CSF, IL-3, IL-4, and IL-10.
S-CM downregulates monocyte release of proinflammatory cytokines. Having shown that S-CM induces blood monocytes to differentiate into an intestinal macrophage phenotype, we next determined the effect of S-CM on the production of proinflammatory cytokines by monocytes. Monocytes were preincubated with S-CM for 1 hour and then incubated with H. pylori urease, an LPS-independent stimulus of monocyte cytokine production (10, 11) , for 24 hours. S-CM caused a marked, dose-dependent decline in the release of inducible IL-1, IL-6, TNF-α, IL-10, and RANTES ( Figure 5 ). S-CM also caused dose-dependent reductions in the release of these cytokines by LPS-and IFN-γ-stimulated monocytes, as well as splenic macrophages (data not shown). In sharp contrast to the downregulatory effect of S-CM,
Figure 2
Downregulated cytokine production by LPS-stimulated intestinal macrophages. Blood monocytes and intestinal macrophages (2 × 10 6 /ml) were incubated with or without LPS for 24, 48, and 72 hours, and supernatants were assayed for IL-1, IL-6, TNF-α, and IL-8. Values are mean + SD (n = 3).
Figure 3
S t i m u l u s -i n d e p e n d e n t d o w nregulation of intestinal macrop h a g e c y t o k i n e p r o d u c t i o n . Blood monocytes and intestinal macrophages (2 × 10 6 /ml) were incubated with and without H. pylori urease (10 μg/ml), HK S. aureus (10 7 CFU/ml), IFN-γ (100 U/ml), and PMA (40 ng/ml) for 24 hours, and supernatants were assayed for IL-1, IL-6, TNF-α, and IL-8. Values are mean + SD (n = 3).
E-CM and MNL-CM did not affect monocyte cytokine release ( Figure 5 ). Monocyte viability as measured by FACS analysis of propidium iodide uptake was not affected by S-CM. Thus, S-CM caused a dose-dependent, stimulus-independent decline in monocyte cytokine release, resulting in a cytokine profile characteristic of intestinal macrophages.
Intestinal macrophages are strongly phagocytic, but phagocytosis does not stimulate cytokine release. Extending our previous results (5), both monocytes and intestinal macrophages showed avid phagocytic activity for FITC-labeled microspheres ( Figure 6A ). Phagocytosis induced blood monocytes, however, but not intestinal macrophages, to release abundant levels of IL-1, IL-6, TNF-α, and IL-8 ( Figure 6B ). Thus, similar to blood monocytes and other tissue macrophages, intestinal macrophages are avidly phagocytic; but, in sharp contrast to blood monocytes and macrophages from other sites (12), intestinal macrophages do not release proinflammatory cytokines after phagocytosis.
S-CM downregulates phagocytosis-driven cytokine release, but not phagocytosis, by monocytes. Having shown that S-CM downregulates cytokine production by H. pylori urease-stimulated monocytes ( Figure 5 ), we determined whether S-CM downregulates monocyte phagocytosis and phagocytosis-induced cytokine release. S-CM did not reduce monocyte phagocytosis of FITC-labeled microspheres ( Figure 6A ). Rather, S-CM caused a modest increase in monocyte phagocytosis, suggesting that stromal cell products may contribute to the increased phagocytic activity of intestinal macrophages relative to that of blood monocytes, which we have observed previously (5) . In parallel cultures, however, S-CM caused a dose-dependent decline in phagocytosis-driven cytokine release by monocytes, as shown for IL-1 and TNF-α ( Figure 6B , inset). Thus, S-CM enhanced the phagocytic capability of blood monocytes while decreasing their release of cytokines in response to phagocytosis.
Intestinal macrophages are bacteriocidal for S. typhimurium and E. coli. In agreement with the ability of intestinal macrophages to phagocytose Candida albicans (4), intestinal macrophages and blood monocytes avidly phagocytosed both S. typhimurium and E. coli ( Figure 6 , C and D), killing more than 99% of phagocytosed bacteria within the first 30 to 60 minutes of incubation. The number of surviving intracellular S. typhimurium decreased to a nadir at 150 minutes and increased slightly thereafter, consistent with replication of the few bacteria remaining in the macrophages (13) . Monocytes phagocytosed as many bacteria as the macrophages, but the numbers of live bacteria recovered from lysed macrophages were one log less than those recovered from blood monocytes, suggesting that intestinal macrophages were more bacteriocidal for S. typhimurium and E. coli than monocytes. Importantly, preincubation of monocytes with S-CM did not affect the ability of monocytes to phagocytose or kill the bacteria.
Role for TGF-β in S-CM-mediated inhibition of monocyte cytokine release. We next investigated the mechanism by which S-CM downregulates monocyte cytokine release. The preincubation of monocytes with S-CM caused a dose-dependent decrease in LPSinduced TNF-α protein and mRNA expression and a reciprocal increase in TGF-β release, a key regulatory cytokine with potent inhibitory effects on monocyte function (14-16) ( Figure 7A ). S-CM inhibition of phagocytosis-induced IL-1 and TNF-α release (Figure 6B , inset) also was associated with the dose-dependent release of TGF-β (data not shown). S-CM did not contain or induce detectable levels of IL-10 or IL-4, other cytokines known to downregulate monocytes, and preincubation of S-CM with either anti-IL-10 or anti-IL-4 Abs did not affect the downregulatory activity of S-CM. Thus, exposure of monocytes to S-CM inhibited monocyte cytokine production while simultaneously stimulating monocyte release of TGF-β. The amount of TGF-β (390 pg/ml) detected in the LPS-stimulated monocyte cultures at the highest concentration of S-CM (150 μg/ml total protein) exceeded the amount of TGF-β detected in S-CM alone (16 pg/ml). These data suggest that factors in the S-CM, possibly the TGF-β itself, induced monocyte production of TGF-β.
Figure 4
S-CM downregulation of monocyte surface antigen expression. (A) Blood monocytes cultured for 4 days in the absence or presence of S-CM, E-CM, or MNL-CM at the indicated concentrations were analyzed by FACS for HLA-DR, CD13, CD14, and CD16 (open histograms). Cells were also stained with FITC IgG1 and PE IgG2a irrelevant Abs (solid histograms). FACS insets show the flow-cytometric analysis of intestinal macrophages for the same surface marker. Data are from a representative experiment (n = 3). Electron micrograph inset shows a representative monocyte after 24-hour culture with S-CM (150 μg/ml total protein). (B) Blood monocytes incubated with S-CM (150 μg/ml total protein) and in the absence or presence of protease inhibitors, including trypsin, chymotrypsin, pronase, thermolysin, papain, and pancreas extract, as described in Methods, were analyzed by FACS as above.
To understand the relationship between S-CM-induced downregulation of IL-1, IL-6, IL-10, and TNF-α, and the upregulation of TGF-β, TGF-β-blocking studies were performed. Anti-TGF-β Abs reversed the ability of S-CM to inhibit LPS-stimulated monocyte TNF-α production and enhanced TNF-α mRNA expression in a dose-dependent manner ( Figure  7B ), implicating TGF-β as a mediator of S-CM inhibitory activity. Similarly, anti-TGF-β Abs blocked the ability of S-CM to inhibit phagocytosis-stimulated cytokine production (data not shown). Thus, the downregulatory action of S-CM appeared to be due, at least in part, to S-CM TGF-β induction of monocytes to release TGF-β, which then downregulated monocyte production of proinflammatory cytokines.
To provide more direct evidence that mucosa-derived TGF-β downregulates monocyte cytokine production, we cultured explants of jejunal mucosa (after submucosa removal) and determined whether the tissue culture supernatant inhibited monocyte TNF-α production. As shown in Figure 8A , preincubation of monocytes with supernatant from cultured jejunal explants caused a dose-dependent decrease in LPS-induced TNF-α production and a reciprocal increase in TGF-β protein, further implicating TGF-β as an inhibitor of monocyte cytokine production. In addition, blocking experiments showed that the addition of anti-TGF-β Abs reversed the ability of culture supernatant from jejunal mucosa to block monocyte TNF-α production ( Figure 8B) . Thus, TGF-β released by both jejunal lamina propria stroma and intact jejunal mucosa inhibited monocyte TNF-α production.
Source of the mucosal TGF-β. Since blocking studies using lamina propria stroma and ex vivo jejunal tissue implicated TGF-β as a mediator of the inhibition of monocyte cytokine production, we performed studies to identify the source of the TGF-β. In serial sections of jejunum, TGF-β-staining cells were detected in both the lamina propria and epithelium. The lamina propria TGF-β + cells were scattered throughout the lamina propria ( Figure 9A ) and stained for the mast cell marker c-kit ( Figure 9B ), but not the macrophage marker HAM56 ( Figure 9C ). In addition, the TGF-β + /c-kit + lamina propria cells stained for chymase, another mast cell marker (data not shown). These findings indicate that mast cells, not macrophages, were a local source of TGF-β. The TGF-β + cells in the epithelium ( Figure 9D) were located mainly at the villus tip, displayed epithelial cell morphology (goblet cells did not stain for TGF-β), and stained predominantly in the basal region of the cells. TGF-β protein was present in S-CM but not E-CM or MNL-CM ( Figure 9E ), and RT-PCR analysis revealed TGF-β transcripts in stroma and epithelial cells, but not macrophages. TGF-β was not detected in the E-CM, likely due to the short viability (less than 12 hours) of the epithelial cells ex vivo. These findings implicate intestinal epithelial cells and lamina propria mast cells as a source of mucosal TGF-β and suggest that TGF-β released by epithelial and mast cells in vivo binds the lamina propria extracellular matrix and in vitro is released into the S-CM.
Discussion
We report that resident macrophages isolated from the lamina propria of normal human intestine are phenotypically and functionally distinct from blood monocytes. In sharp contrast to blood monocytes, intestinal macrophages lack innate response receptors, including the receptors for LPS, IgA, IgG, CR3, and CR4; growth factor receptors for IL-2 and IL-3; and the integrin LFA-1. Also in marked contrast to monocytes, intestinal macrophages stimulated with an array of proinflammatory agents do not produce IL-1, IL-6, IL-10, IL-12, RANTES, TNF-α, or TGF-β. Macrophages release IL-8, but approximately four logs less than stimulated blood monocytes. The downregulated production of cytokines is not restricted to CD14-mediated responses, since intestinal macrophages also did not produce cytokines in response to a wide array of other potent proinflammatory stimuli, including phagocytosis. Finally, intestinal stromal cell products induced in monocytes an intestinal macrophage phenotype and cytokine profile. TGF-β, which appeared to be produced by intestinal epithelial cells and lamina propria mast cells, was a key stromal product that inhibited monocyte cytokine production. The presence of TGF-β protein in the media of cultured stroma and jejunal explants suggested that TGF-β released by the epithelial and mast cells bound to the lamina propria extracellular matrix and, after its release S-CM downregulation of monocyte cytokine production. Blood monocytes were incubated in the presence or absence of H. pylori urease and either S-CM, E-CM, or MNL-CM at the indicated concentrations for 24 hours, and supernatants were assayed for IL-1, IL-6, TNF-α, IL-10 and RANTES. Values are mean + SD (n = 7). and activation, induced the differentiation of proinflammatory monocytes into noninflammatory intestinal macrophages.
Blood monocytes populate the macrophage component of intestinal mononuclear cells (9, 17, 18 ), yet monocytes and intestinal macrophages are phenotypically and functionally distinct. Our finding that factors released by intestinal stroma induce blood monocytes to differentiate into an intestinal macrophage phenotype and downregulate monocyte cytokine production, but not phagocytic or bacteriocidal activity, indicates that lamina propriaderived factors may play a key role in monocyte differentiation into intestinal macrophages. In related studies (19, 20) , we have shown that intestinal macrophages lack CCR5, a coreceptor on monocytes for R5 HIV-1 viruses, and that S-CM is a potent downregulator of monocyte CCR5 expression (G. Meng, unpublished data). Thus, S-CM downregulates an array of important receptors on blood monocytes. Interestingly, low numbers of intestinal macrophages expressed CD36, and S-CM reduced CD36 expression on blood monocytes. The presence of low levels of CD36, a class B scavenger receptor, on intestinal macrophages is consistent with the ability of the cells to phagocytose apoptotic cells (L.E. Smythies, unpublished data) (21) .
Consistent with their central role in host defense against microorganisms and noxious molecules that have breached the epithelium, intestinal macrophages are avidly phagocytic for live microorganisms, as shown here, and inert material (4, 5) . Whereas phagocytosis itself caused monocytes to produce proinflammatory cytokines, phagocytosis did not stimulate intestinal macrophages to release cytokines. Along with phagocytic activity, intestinal macrophages show strong and rapid bacteriocidal activity for S. typhimurium and E. coli. Thus, intestinal macrophages display inflammatory anergy but retain avid phagocytic and bacteriocidal activity.
The ability of anti-TGF-β Abs to block S-CM-induced downregulation of cytokine production provides strong evidence that TGF-β mediates, in part, this downregulation. Immunohistochemical, RT-PCR, and ELISA analyses implicate epithelial cells and mast cells, but not intestinal macrophages, as local sources of TGF-β in vivo. TGF-β is a potent suppressor of many monocyte functions (14-16), except phagocytic activity (12) . TGF-β may affect its inhibitory activity directly or through the induction of TGF-β by newly recruited monocytes. In this regard, TGF-β is itself a potent autocrine inducer of TGF-β by both peripheral blood monocytes (22, 23) and intestinal epithelial cells (24, 25) . Thus, the findings presented here suggest the following sequence of events. Latent TGF-β produced by mucosal epithelial cells and mast cells is released into the lamina propria where it binds to lamina propria stroma, consistent with studies showing TGF-β bound to extracellular matrix (26) . After release in response to local factors, possibly mast cell chymase, and then activation by local proteases (27) , the TGF-β and possibly other stromal cell factors act on monocytes newly recruited to the lamina propria to induce differentiation of these highly proinflammatory cells into noninflammatory macrophages.
To study the role of TGF-β in mucosal homeostasis in mice, we examined TGF-β -/-mice for CD14 expression in intestinal mucosa. The small intestine in 3-week-old TGF-β -/-and TGF-β +/+ C57BL/6 mice contained numerous F4/80 + macrophages that did not express CD14, although F4/80 + splenic macrophages from the same animals did (data not shown). These data suggest that CD14 expression is downregulated in both human and murine mucosa, but in mice, factors other than or in addition to TGF-β contribute to the downregulation. Nevertheless, the profound mucosal inflammation and early morbidity of TGF-β -/-mice (28) suggest a crucial role for TGF-β in intestinal homeostasis in mice as well as in humans.
In addition to TGF-β, IL-10 is a potent inhibitor of cytokine production by activated monocytes (29) , possibly by blockade of NF-κB activation through inhibition of both IκB kinase activity and NF-κB DNA-binding activity (30) . Moreover, the role of IL-10 in downmodulating mucosal inflammation is well documented (31, 32) . Thus, although IL-10 undoubtedly contributes to the absence of inflammation in normal intestinal mucosa in vivo, the in vitro system of reconstituted mucosa described here showed that TGF-β also likely participates in modulating mucosal inflammation.
Resident intestinal macrophages, unlike blood monocytes, display constitutive TGF-β-induced Smad activation, reflected in elevated levels of Smad p2/3 and Smad4 and a reduced level of inhibitory Smad7, despite the cells' inability to produce TGF-β (L.E. Smythies, unpublished data). During inflammation, increased TGF-β production by newly recruited, activated inflammatory cells would promote matrix replacement at the site of injury, and excess TGF-β production would promote fibrosis, as in Crohn disease (33, 34) . The absence of intestinal fibrosis in uninflamed mucosa, however, likely reflects the relatively low level of activated TGF-β in normal mucosa, but at a level sufficient to maintain normal matrix turnover. The presence of activated TGF-β in S-CM derived from normal mucosa is likely due to exposure of the tissue to protease during the isolation procedure. Since TGF-β inhibits NF-κB activity (35) , but autostimulates TGF-β production (23) (24) (25) (26) , one explanation for S-CM downregulation of IL-1, IL-6, IL-8, and TNF-α, but not TGF-β, is that stromal cell-derived TGF-β inhibits NF-κB-mediated processes (IL-1, IL-6, IL-8, and TNF-α production), but not NF-κB-independent processes (TGF-β production). Precedence for discordant cytokine regulation is observed in African swine fever virus (ASFV) inhibition of macrophage NF-κB activation through induction of an IκB homologue, thereby inhibiting NF-κB-dependent production of proinflammatory cytokines but not TGF-β production; TGF-β mRNA and protein are actually increased in ASFV-infected macrophages (36) . S-CM may affect discordant cytokine regulation via an analogous mechanism, namely, blockade of NF-κB-mediated signal transduction. We recognize that other factors such as the recently identified thymic stromal lymphopoietin (TSLP) (37) may also be involved, since S-CM (and TSLP) downregulates monocytederived IL-10, which is not NF-κB mediated (38) .
The inflammatory anergy of intestinal macrophages, reflected in the cells' reduced expression of innate response receptors and downregulated production of cytokines, indicates a potential mechanism for the absence of inflammation in normal intestinal mucosa despite the close proximity of immunostimulatory bacteria and LPS. In contrast, during inflammatory processes such as inflammatory bowel disease, approximately one third of the mononuclear phagocytes in the mucosa appear to be newly recruited blood monocytes (9, 17, 39) . In inflamed mucosa, suppressive stromal factors may no longer be released or lose their ability to drive recruited monocytes toward a macrophage profile. Thus, the findings reported here support the concept that blood monocytes recruited to the intestinal mucosa encounter stromal-derived factors such as TGF-β, which downregulate proinflammatory but not phagocytic or bacteriocidal activity. The resultant inflammatory anergy serves to limit mucosal inflammation in normal intestinal mucosa, whereas the loss or dysregulation of macrophage inflammatory anergy may promote the inflammation associated with inflammatory bowel disease.
Methods
Intestinal macrophages and blood monocytes. Intestinal macrophages were isolated by enzyme digestion of intestinal tissue sections and purified by counterflow centrifugal elutriation, as described previously (4, 5, 19, 40, 41) . Briefly, sections of normal human jejunum obtained (with approval of the Institutional Review Board of the University of Alabama at Birmingham) from patients undergoing gastrojejunostomy or healthy organ transplantation donors were dissected into mucosa and submucosa. The mucosa was rinsed in Ca ++ -and Mg ++ -free PBS and washed in HBSS plus DTT (200 μg/ml) to remove residual mucus and then in HBSS containing 0.2 M EDTA plus 10 mM 2-mercaptoethanol to remove the epithelium. Sections then were minced and treated with 75 μg/ml neutral protease Dispase (grade I, specific activity >6 U/mg with <0.01 ng/ ml endotoxin by Limulus amebocyte lysate assay; Boehringer Mannheim GmbH) to release the lamina propria mononuclear cells. Macrophages were purified from the mononuclear cell population by gradient sedimentation followed by elutriation (40) . Blood monocytes were purified from healthy donors by elutriation and treated with Dispase according to the macrophage isolation protocol so that both intestinal macrophages and blood monocytes were treated similarly. Cells were fixed, prepared, and examined by light and electron microscopy, as previously described (4). The cells isolated by these techniques were routinely more than 98% viable by propidium iodide staining; morphologic and ultrastructural features of the intestinal cells showed they were macrophages (4, 5) . The absence of detectable CD3, CD20, CD69, CD34, CD83, and CD103 on the purified cell populations by flow cytometry (see above) confirmed the absence of contaminating T, B, and NK cells, DCs, and intestinal lymphocytes (Table 1) . Furthermore, culture of intestinal macrophages with optimal concentrations of GM-CSF, IL-4, and TNF-α (42) did not induce the expression of DC markers or morphology. In addition, the cells were more than 95% esterase positive and avidly phagocytic (4, 5) . Thus, the elutriated populations of intestinal macrophages were more than 98% pure.
Mucosal cell-CM. Purified lamina propria mononuclear cells (10 6 cells/ml) (4), cell-depleted lamina propria stroma (1 g wet weight stromal tissue per milliliter) (4), and epithelial cells (10 6 cells/ml) (43) were cultured in RPMI for 24 hours. Lamina propria MNL-CM, E-CM, and S-CM were harvested, sterile filtered (0.2-μm Syringe Filter; Corning Inc.), and frozen at -70°C. Supernatant was also obtained from 24-hour cultures of intact jejunal mucosa. CMs did not alter blood monocyte or intestinal macrophage viability during incubation for as long as 4 days as assessed by propidium iodide uptake. Endotoxin, protein, and protease content were determined by commercially available ELISA assays.
Figure 8
Jejunal tissue TGF-β downregulates monocyte cytokine production. (A) Culture supernatants from explants of jejunal mucosa cause dose-dependent downregulation of TNF-α and reciprocal upregulation of TGF-β release by monocytes. Monocytes were incubated with culture supernatant from explants of jejunal mucosa of increasing wet weight for 1 hour and then for 24 hours with LPS (1 μg/ml). Culture supernatants were harvested and analyzed for TNF-α and TGF-β protein. Values are mean ± SD (n = 2). (B) TGF-β Abs reverse the ability of jejunal mucosa culture supernatant to inhibit monocyte TNF-α release. Monocytes were incubated with increasing concentrations of anti-TGF-β Abs and jejunal mucosa culture supernatant and stimulated with LPS (1 μg/ml) for 24 hours. Supernatants were analyzed for TNF-α. Values are mean ± SD (n = 2).
Figure 9
Detection of TGF-β. (A-D) TGF-β was detected (arrows) in (A) lamina propria cells that stained with (B) mast cell marker c-kit but not (C) macrophage marker HAM56 and in (D) epithelial cells (magnification, ×40). (E) Soluble TGF-β protein was detected in S-CM but not E-CM or MNL-CM (each normalized to 2 mg/ml total protein), which were generated from lamina propria stroma, intestinal epithelial cells, and intestinal mononuclear cells, respectively (mean values for CMs from 3 separate donors). (F) TGF-β mRNA was present in whole tissue, stroma and epithelial cells, but not lamina propria (L.P.) macrophages from a representative donor (n = 3). Insets show a TGF-β + (A), c-kit + (B), and HAM56 -(C) cell at high magnification (×100).
Immunohistochemical analysis. Serial sections (5 μm) of formalin-fixed, paraffin-embedded intestinal tissue were placed on lysine-coated slides, deparaffinized, and rehydrated. Antigen retrieval was achieved by immersion of the sections in 10 mM sodium citrate buffer, pH 6.0, heated to 95°C for 5 minutes, and allowed to cool for 20 minutes. Slides were transferred to water (5 minutes), then treated with H2O2 (3%, 30 minutes) to block endogenous peroxidase, rinsed in PBS (5 minutes), blocked (casein protein, 60 minutes; DAKO Corp.), rinsed again in PBS, and then incubated with either rabbit anti-human TGF-β (0.05 mg/ml; Santa Cruz Biotechnology Inc.), mouse mAb to the macrophage marker HAM56 (0.05 mg/ml, 10 minutes; DAKO Corp.), mouse mAb to the mast cell marker c-kit (anti-human collagen 4; Ventana Medical Systems Inc.), or irrelevant isotype-matched Ab. Sections then were washed in PBS (5 minutes), incubated with anti-mouse and anti-rabbit polymer (30 minutes, HRP; DAKO Corp.), followed by diaminobenzidene-positive AB + substrate-chromogen solution (DAKO Corp.) and counterstained with H&E.
Flow cytometry and Abs. To evaluate cell purity and phenotype, intestinal macrophages and blood monocytes (2 × 10 5 ) were incubated with optimal concentrations of PE-CD3, PE-CD11a, PE-CD11b, PE-CD11c, PE-CD13, PE-CD14, FITC-CD16, PE-CD18, PE-CD20, PE-CD25, FITC-CD32, PE-CD33, PE-CD34, FITC-CD36, FITC-CD64, FITC-CD69, PE-CD89, FITC-CD103, PE-CD123, and FITC-HLA-DR (BD Biosciences -Pharmingen), and PE-CD83 (Immunotech) or control PE-or FITC-labeled irrelevant mAbs of the same isotype. Blood monocytes were also analyzed by flow cytometry after incubation in media plus S-CM, E-CM, or MNL-CM, and in S-CM plus Protease Inhibitor Cocktail (Roche Molecular Biochemicals) as specified by the manufacturer. After staining, the cells were washed, fixed in 1% paraformaldehyde, and analyzed by flow cytometry. Data were analyzed with CellQuest software (BD).
Macrophage function and cytokine production assays. Intestinal macrophages and blood monocytes (2 × 10 6 cells/ml) were cultured in RPMI for 2 days and then incubated in triplicate wells for 24, 48, and 72 hours in RPMI with 10% human AB serum (RPMI + ; Atlanta Biologicals Inc.) in the absence or presence of LPS (1 and 10 μg/ml; Sigma-Aldrich), PMA (40 ng/ml; Sigma-Aldrich), H. pylori urease (1 and 10 μg/ml; Oravax Inc.), IFN-γ (100 U; R&D Systems Inc.), for 5 or 24 hours, followed by LPS (1 and 10 μg/ml) or HK S. aureus (a kind gift from J.D. Chiche and J.P. Mira, Institut Cochin de Genetique Moleculaire, Paris, France). The levels of IL-1, IL-6, IL-8, TNF-α, IL-10, IL-12, TGF-β, and RANTES in culture supernatants were measured by ELISA (R&D Systems Inc.). The presence of intracellular cytokines in intestinal macrophages and monocytes cultured for 24 hours was determined by flow cytometry as previously described (43) , using mouse mAbs to IL-1, IL-6, IL-8, and TNF-α (BD Biosciences -Pharmingen).
Phagocytosis. Intestinal macrophages, blood monocytes, and blood monocytes in the presence of S-CM were incubated with FITC-labeled microspheres (10 microspheres/cell for 2 hours at 37°C; Polysciences Inc.) and then analyzed by FACS for intracellular beads, as previously described (4, 5) . Parallel populations of cells were allowed to phagocytose an equivalent number of beads, were washed, and after an additional 24-hour culture, phagocytosis-induced cytokines released into the culture supernatant were measured as described above.
Bacteriocidal assay. Intestinal macrophages, blood monocytes in the presence of S-CM (500 μg/ml), and blood monocytes in the absence of S-CM (each population 2 × 10 5 cells/250 μl) were incubated in RPMI (without antibiotics or serum) at 37°C with S. typhimurium LT2L (8 × 10 6 CFU/ml) or E. coli MC4100 (4 × 10 6 CFU/ml) for 60 minutes or 30 minutes, respectively. After incubation with the bacteria, cells were washed and resuspended in RPMI plus gentamycin (200 μg/ml) to kill any remaining extracellular, but not intracellular, bacteria. Duplicate aliquots of cells were quickly harvested and, at 30-minute intervals thereafter, washed in PBS, lysed in 1% saponin/PBS, and plated in serial dilutions on LB agar plates (SigmaAldrich). After overnight incubation, bacterial colonies were enumerated to determine the number of surviving intracellular bacteria.
RT-PCR. RNA was isolated from blood monocytes incubated for 3 hours in the absence or presence of S-CM and anti-TGF-β mAbs (R&D Systems Inc.) and from intact jejunal tissue, lamina propria stroma, intestinal epithelial cells, and lamina propria macrophages. After reverse transcription, the resultant cDNA (5 μl) was amplified in a 50-μl reaction containing 0.25 μl Taq polymerase (5 U/ml; PerkinElmer Cetus Gene Amp PCR system; PerkinElmer Inc.), 4 μl dNTPs (2.5 mmol/l; Promega Corp.), 2 μl MgCl2 (25 mmol/l), 5 μl 10× PCR reaction buffer, and 2.5 μl of primers for TNF-α (5), TGF-β (44), or GAPDH (5). The reaction mixture was amplified for TNF-α (denaturation: 95°C for 1 minute; annealing: 55°C for 30 seconds; extension: 72°C for 1 minute, 35 cycles); TGF-β (denaturation: 94°C for 1 minute; annealing: 57°C for 1 minute; extension 72°C for 2 minutes, 35 cycles); and GAPDH (denaturation: 95°C for 1 minute; annealing: 60°C for 2 minutes; extension: 72°C for 3 minutes, 25 cycles); and the products were detected by PAGE.
